The dynamic mechanical properties of limestone are studied with 5 types of impact pressure acting on limestone samples in axial direction in this paper. The rubber shaper with a diameter of 5 mm and thickness of 2 mm is adopted. Besides the conical punch of split pressure bar of Hopkinson with a diameter of 50 mm is also used. The half-sinusoid pulse is obtained by using the pulse shaper method and special punch method; the constant strain rate deformation of the sample is realized. Dynamic compressive properties and failure modes of limestone under different impact pressure are investigated. In addition, energy dissipation is studied in the process of experiment. The results show that the dynamic compressive strength of limestone has an exponent relation to strain rate. The failure strain, degree of fragmentation, incident energy, and absorption energy increase, while the energy absorbency decreases with the increasing of strain rate. However, the initial elastic modulus is not sensitive to the strain rate. The research method and conclusions have reference value for the dynamic mechanical properties of other brittle materials.
Introduction
With the increasing of infrastructure construction and rapid development of the urbanization, there will be many huge projects accompanied with a large number of blasting construction works. In engineering practice, most of rock mass will be affected by dynamic loads in the process of damage; the investigation on dynamic performance of the rock material under impact load is particularly important [1] [2] [3] [4] . The split Hopkinson pressure bar (SHPB) is widely used in this research [5, 6] . However, the pulse stress wave generated by the traditional SHPB apparatus is high frequency oscillation of square wave and rises in a short time; the samples have always been destroyed before the internal stress balance has been reached and are unable to meet the requirements of the sample uniform deformation. In addition, the strong dispersion effect of traditional SHPB apparatus will make the test data fluctuate largely.
To solve the problems of the above SHPB apparatus, in 1984, Frantz et al. [7] affixed metal gaskets to the end surface of the incident bar, which is waveform shaper, successfully reduced the dispersion effect, improved the rising edge of the incident wave, and accelerated the stress balancing process of the sample. In 1993, Xibing and Desheng [8] replaced the traditional loaded rectangular wave with half-sine-load of cone-shaped punch and successfully removed the P-C oscillation. Meanwhile, Zhou et al. [9] got different shapes of incident stress pulse waveform with different forms of bullets and a half-sine wave which reduces the dispersion and oscillation of the wave when propagating along the rod and keeps the stress in sample evenly. At present, these methods have been widely used in the study of the dynamic characteristics of engineering materials under high strain rate like rocks, ceramics, and composites. Friedman et al. [10] and Janach [11] used this technology to do uniaxial compression experiments for granite and limestone with SHPB experimental apparatus; the strain rate ranges from 10 1 to 10 3 . The experimental results show that the dynamic elastic modulus and compressive strength of the two kinds of rocks increase with the increasing of strain rate, the dynamic compressive strength of rock material is much greater than the static load strength, and the extent of breaking rock material increases with the increasing of strain rate. Leblanc and Lassila [12] described an experimental method based on the SHPB technique which allows dynamic tensile testing of 1.0 mm thick sheet material. Li et al. [13] proposed a micromechanics-based model to study the mechanical properties of granite under dynamic uniaxial compressive loads; a constitutive relation of the granite is derived from the energy equilibrium equation and correlated with the experimental results. Meng and Li [14] used split Hopkinson pressure bar (SHPB) to measure the uniaxial compressive stress-strain relation of various engineering materials at high strain rate. Li et al. [15] used the pressure bar technique of Hopkinson to study the dynamic characteristics and the failure modes of various rock materials. Liu et al. [16] used the split Hopkinson pressure bar (SHPB) test apparatus with a diameter of 100 mm and the thin circular copper sheet as a waveform shaper; the amphibolite samples were impacted in axial direction at different speed to test their dynamic mechanical properties in strain rate which ranges from 40 to 150. The results show that dynamic strength enhancement factor of the amphibolite and average strain rate of logarithm had approximately linear relationship; the compressive strength and specific energy absorption increase with the increasing of average strain rate. Meanwhile, it is found that the failure strain of rock sample increases basically with the increasing of strain rate, which shows significantly strain rate dependence. But its initial elastic modulus is not sensitive to the strain rate.
Limestone is a kind of extremely common rock in Guizhou mountainous area; the study on its dynamic mechanical properties not only improves dynamic research of the rock but also has significant value for practical engineering, such as blasting construction, road construction, and other engineering works in limestone mountainous area [17] [18] [19] [20] [21] [22] . The dynamic mechanical properties of limestone are investigated under different impact loads in this paper, using the rubber with diameter of 5 mm and thickness of 2 mm as a waveform shaper SHPB system and 5 different types of impact pressure on the limestone in axial direction. The research results have certain significance in guiding the actual engineering construction in Guizhou mountainous area.
Dynamic Impact Compression Test of Rock

Preparation and Basic Mechanical Properties of Rock Samples.
Rocks with better integrity and homogeneity as research objects were selected from the Guian highway blasting site. In order to reduce the dispersion of samples and avoid the differences of samples in the composition and structure, the samples are taken from the same rock mass. Therefore, the differences of chemical composition and density of the samples are negligible. The samples are processed into cylinder with diameter of 50 mm and thickness of 35 mm. According to the requirements of rock mechanics tests, each sample end surface and cylindrical surface should be carefully polished to ensure that the nonparallelism degree of both ends is less than 0.02 mm and the not-perpendicularity degree of circumference and end surface is less than 0.02 mm. The test samples are shown in Figure 1 . The limestone with the color of gray is Figure 3 . The test system has the characteristic of high strain rate load, which is suitable for the heterogeneous brittle material, and the strain rate of the samples ranges from 10 to 10 3 . The main components include driving portion (including pressure cylinders), support portion, lever portion, damping absorbing portion, signal detection, and acquisition and processing section. The diameter of the pressure bar is 50 mm, the impact rod is a 0.4 m conical rod, and the incident rod and the transmission rod are 2.50 m. The incident rod, the transmission rod, the absorbing rod, and the impact rod use the 35CrMnSiA alloy steel, the density is 7800 kg/m 3 , the longitudinal wave velocity is 5124 m/s, the elastic modulus is 210 GPa, and Poisson's ratio is 0.25.
Based on the two basic assumptions of SHPB experiment, the dynamic mechanical parameters of the samples, such as the stress ( ), the strain ratė( ), and the strain ( ), are indirectly calculated by the strain gauge pasted in incident rod and transmission rod. The calculation formulas are expressed as follows:
where and 0 are cross-sectional area of the sample and the pressure rod, respectively. is the elastic modulus of the pressure bar; ( ), ( ), and ( ) are the incident strain wave, the reflection strain wave, and the transmitted strain wave which are measured on the incident rod and the transmission rod. 0 and 0 are the wave velocity and the length of the pressure bar, respectively. When using the traditional and steeper stress pulse loading, the rise time is short and the shock wave is strong; the stress-strain of the sample cannot be guaranteed to be uniform before the destruction. Here, it is necessary to use the shaper. The rubber sheet is used as a pulse shaper during the test. When the impact of the bullet is strong, the rubber is deformed to filter out the high frequency wave of the incident wave and reduce the waveform dispersion. Meanwhile, the rise time of the incident pulse is prolonged, which is beneficial to achieving the stress balance of the sample.
Test Program.
This experiment selects five groups of samples; each group consists of at least three specimens. The different strain rates are obtained by adjusting the different impact pressure, and impact pressure is 0.1, 0.3, 0.5, 0.7, and 1.0 MPa, respectively.
During the test, the sample is tightly sandwiched between the incident rod and the transmission rod to ensure that the sample is on the same line with the axis of the pressure bar. The contact surface between the sample and the end surface of the pressure bar is smeared Vaseline to reduce the interfacial friction effect. In order to prevent the sliding of the sample during the test, it can be uniformly applied to the center of the contact surface between the sample and the end surface of the pressure bar.
Before each impact test, make sure that the bullet is in the same position in the firing chamber and the distance from the incident bar remains unchanged. The distance of this test is 53 cm to ensure the same impact velocity under the same impact pressure.
Experimental Results and Analysis
The Waveform Shaping Technique.
In order to achieve constant strain rate deformation of the sample in SHPB experiment, the shaper method and shaped punch method [8, 23, 24] are commonly used. In this experiment, the two methods are synchronously used to obtain the half-sine wave and achieve the constant strain rate deformation of the sample. Figure 4 shows the waveform under different sizes of rubber shaper when playing empty rod [8] . From Figure 4 , it can be clearly seen that the original high frequency oscillation of the square wave is modified to be half-sine wave that the ascent is gentler and the waveform is smoother after the addition of the shaper. Through the comparison of the pulse waveform in Figure 4 , we can see that the rising time of the rising edge is only 47.10 s and there are oscillations when the waveform shaper is not added; it is difficult to ensure that the sample is uniformly stressed before failure in a short time. When using the shaper with diameter of 5 mm and thickness of 1 mm, 2 mm, and 3 mm, the time of the rising edge is 135 s, 221.50 s, and 274.30 s, respectively. Compared to the condition with no shaper, the time of the rising edge increased by 186.62%, 370.28%, and 482.38%, respectively. This will make sure the stress pulse has enough time to reflect back, and stress uniform is achieved before the destruction of the sample. On the other hand, under the same loading condition, as the waveform shaper absorbs a part of the energy, the strain rate of the sample is lower than that when the waveform shaper is not added; the corresponding compressive strength of increase value is also reduced relatively. It can be concluded that the maximum voltage value of the incident wave without the shaper is 0.96 V. When using the shaper with diameter of 5 mm and thickness of 1 mm, 2 mm, and 3 mm, the maximum voltage value, which is reduced by 22.92%, 30.52%, and 42.08%, decreases by 0.74 V, 0.667 V, and 0.556 V, respectively. According to the SHPB test principle, it means that the strain rate of the test specimen will be reduced subsequently. From Figure 5 , it is apparent that parts of the reflected wave do not meet the requirements of SHPB test using the shaper with diameter of 5 mm and thickness of 1 mm. There is no reflected wave when using the shaper with thickness of 2 mm and 3 mm, which explains that the shaper can filter out the unwanted reflected wave. Based on the above analysis, the shaper with the diameter of 5 mm and the thickness of 2 mm is selected for this experiment. It can not only meet the test of the effectiveness but also ensure the real dynamic mechanical properties of the reaction sample. Figure 6 shows the typical half-sine stress waveform when the impact pressure is 0.7 MPa. It can be seen that the shapes of the incident wave and the transmission wave are similar and have similar variation laws. As the platform segment of reflected wave exists, it can be considered that the deformation process of the sample occurs under constant strain rate. Table 3 shows the SHPB test results of limestone under different impact pressure. In consideration of the test differences and the certain dispersion of the rock samples, two similar pieces of test data of samples are selected. We can see from Table 3 that the strain rate, peak strain, and dynamic compressive strength increase significantly with the increasing of impact pressure.
Experimental Procedure and Results.
Dynamic Compression Characteristics and Analysis of
Limestone Samples. Figure 7 shows the stress-strain curves of limestone samples under different impact pressures; Figure 8 shows the failure modes of limestone samples under different strain rates. From Figure 7 , the initial loading curves of limestone under different impact pressures are coincident. The initial modulus does not change with the increasing of strain rate, and the initial modulus of limestone is not sensitive to the strain rate. Limestone shows obvious linear elastic deformation characteristic in this stage. In the middle and later stages of the loading stage, the loading slope is changed and shows a decreasing trend. Because of that the sample is gradually entering the yield stage with the increasing of the loading stress. The plastic strain resulting by the gradual expansion of internal cracks reduces the ability of the rock to transfer load, and the elastic modulus is also gradually reduced.
Combined with Figures 7 and 8 , we can see that the unloading curve of rock shows an obvious elastic hysteresis in the case of low strain rate (=71.50 s −1 ). At the same time, there is no obvious damage to the limestone samples. With the increasing of strain rate, the failure strain of the samples and the yield strength increase. The fragments scale of sample destruction decreases prominently and the number of fragments increases significantly, which shows more strong strain rate effects. It can also be seen from Figure 8 that the dynamic compressive failure of the limestone samples under the former four strain rates is a significant axial splitting failure mode. When the strain rate is higher, the destruction of limestone shows the crushing failure form which is crushed into numerous small pieces. From the analysis of the microstructural characteristics of the material, the rock material is a kind of typical inhomogeneous brittle material. It contains generally defects in a variety of different scales such as rock particle boundary, holes, cracks, and weak media. When the strain rate is lower, the samples are subjected to uniaxial compressive loads. Cracks are generated from the crack tip of the existing defects, extended parallel to the direction of stress obviously, interconnected, and annexed ultimately. While the new crack is not enough to fully expand through, the size after breaking is larger. When the strain rate increases to a certain value (165.96 s −1 ), the rock absorbs more energy and produces more new crack before the cracking of the microcrack under the low strain rate. These new cracks gradually expand and participate in the crushing process, resulting in a smaller block of rock fragmentation.
Mathematical Problems in Engineering
As shown in Figure 9 , the changes of the dynamic compressive strength of limestone vary with the strain rate. The dynamic compressive strength of limestone increases with the increasing of strain rate, which shows a strong strain rate effect. If only considering the effect of strain rate on the dynamic compressive strength, using the linear, polynomial, logarithmic, power, and exponential five kinds of equations of smooth fitting curves between dynamic compression strength and strain rate in Excel, the results are obtained and are shown in Table 4 .
Comparing the correlation coefficients, the dynamic compressive strength of limestone sample has an exponential relationship to strain rate; the resulting correlation coefficient is also the biggest and has a strong correlation, which can be expressed as follows:
The strain rate effect of the dynamic compressive strength of limestone can be analyzed from two aspects: the stress state and the relationship of crack propagation and energy. Seen from the stress state, the strain rate hardening effect of rock can be considered as the mechanical response of the material during the state transition from one-dimensional stress to one-dimensional strain state [25, 26] . Because of the impact load, the lateral deformation of sample is limited by the inertia effect of the materials. The restriction effect increases with the increasing of strain rate, the stress state of rock sample is not one-dimensional stress but approximately passive confining pressure, and the compressive strength increases with the increasing of strain rate. According to the relationship of crack propagation and energy, all kinds of defects and failure of rock sample are reasons of crack generation and propagation. The generation and expansion of internal crack of rock material would consume energy; in particular the generation of new cracks needs more energy than the expansion of internal cracks. Under the low strain rates, the stress wave carries the lower energy. Therefore, the fracture failure of rock material is mainly the propagation and coalescence of the inherent cracks, and only those cracks that consume less energy and destroy the material have a practical effect on the failure of the material. Therefore, the number of cracks that have effect on the failure of the material Mathematical Problems in Engineering is small, the size of crushing is large, and the degree of fragmentation is small. The critical stress value of the broken rock is low, resulting in the fact that the rock has a lower compressive strength at low strain rate. With the increasing of the strain rate, the rock material absorbs higher energy in a short time. At lower strain rates, more microcracks can be extended before the cracked microcracks penetrated. Meanwhile, the number of new cracks is increasing, which leads to the reduction of the crushing size of the rock material, the increasing of fragmentation degree, and the higher critical stress value of the rock material. Therefore, the strength of the material under high strain rate increases with the increasing of strain rate. The dynamic strength growth factor , which is the ratio of dynamic compressive strength and static compressive strength of limestone samples, is defined to be the index of compressive strength increases of the material under the impact loading. Therefore, the change of dynamic compressive strength of the material with the strain rate can be quantitatively analyzed as shown in Figure 10 .
As can be seen from Figure 10 , the dynamic strength growth factor increases with the increasing of strain rate. The lager strain rate will result in a lager increment of impact compressive strength, which indicates that the strain rate sensitivity of the limestone samples increases as the strain rate increases. Similarly, the dynamic compressive strength, strain rate, and pressure data of the SHPB compression test of limestone samples are all listed; the fitting curves are shown in Figures  11 and 12 . Figure 11 shows that the dynamic compressive strength has a linear relationship with the impact pressure, and the correlation is significant. Figure 12 shows that the strain rate increases with the increasing of pressure, but a decreased increment is observed. Because the pressure continued to increase, the impact of a bullet rate increases as well. Although this will make the strain rate time-history curve slope increase, the failure time is correspondingly reduced. Without a long time to enable the continuous increase in strain rate of the samples, the rock samples can also be damaged.
Energy Dissipation Characteristics of Limestone under Different Strain
Rates. The preceding analysis shows that the failure process of the rock is the energy dissipation process. Therefore, the study on the variation of energy in the experiment will help reflect the variation of rock strength and the essential characteristics of the whole failure process under the external load.
The SHPB uniaxial compression tests are generally considered to satisfy the law of energy conservation, which can be written as follows:
where ( ), ( ), and ( ) are the incident energy, reflected energy, and transmission energy from the beginning of loading to the uninstall process, respectively.
( ) is the energy absorbed by the sample in the experiment. The calculation formulas are expressed as follows:
In order to determine the ability of the material to absorb energy at different strain rates, the concept of energy absorption rate is defined as follows:
According to the experimental results, the energy characteristic values of limestone specimens under different loading rates are calculated as shown in Table 5 . We can see from Table 5 that the incident energy is relatively close under the same impact pressure. Meanwhile, with the increase of the impact pressure, the incident energy, reflection energy, transmission energy, and absorption energy are significantly increased, while the energy absorption rate decreases. Figure 13 shows the changes of the time-history curve of limestone when strain rate is 71.50 s −1 . Figure 14 shows the relationship curves between the energy changes of the limestone and strain rate under 5 kinds of different strain rates.
As is shown in Figure 13 , in the initial stages of experiment, the incident energy, the reflection energy, the transmission energy, and the absorption energy increase with the increasing of the time. When the energy increases to a certain value, the increasing of energy is slowly or even unchanged; namely, the energy no longer increases. The time-history curves of the reflection energy show that the reflection energy increases only at the beginning of the experiment and then basically remains unchanged.
As is shown in Figure 14 , the four kinds of energy will increase as the strain rate increases; the increases of incident energy and the transmission energy are significant, while the increases of reflection and absorption energy are small. When the strain rate is larger than 153.73 s −1 , the incident energy, the reflection energy, the transmission energy, and the absorption energy increase sharply. The increases of the incident energy and absorption energy can reach 93.73% and 41.11%, respectively. In addition, the absorption energy of the sample increases with the increasing of the incident energy, and the cracked degree of corresponding sample increases gradually as shown in Figure 8 . Figure 15 shows the relationship between the energy absorption rate of limestone samples and strain rate. It can be seen that the energy absorption rate decreases from 29.05% to 19.08% with the increasing of strain rate and the energy absorption rate decreases with the increasing of strain rate. Figure 15 : The relationship between the energy absorption rate of limestone samples and strain rate.
On one hand, when the strain rate is larger, the incident energy is big enough; the sample already has been destroyed before absorbing enough energy. On the other hand, because of the brittleness of limestone, the internal defects, and the nonuniformity of material, the sample cracks from the existing defect tip and extend along the direction parallel to the compressive stress when subjected to impact loads. Therefore, the effective contact area is significantly reduced and the absorption capacity of the sample is obviously decreased.
Conclusion
(1) The rubber shaper with the diameter of 5 mm and the thickness of 2 mm can effectively modify the stress wave from the high frequency square wave to the half-sine wave with more gentle rising section and smoother waveform.
Compared with no shaper, the rising edge increases by 370.28% and satisfies the effectiveness of the experiment.
(2) The initial elastic modulus of limestone is not sensitive to the stress rate under the uniaxial compressive load, while the dynamic compressive strength shows a strong strain rate effect, which has an exponential function relation to strain rate and the correlation reaches 99.20%. The dynamic compressive strength of limestone and the strain rate increase with the increasing of the impact pressure, and the strain rate increase is smaller than the increase of impact pressure.
(3) With the increase of strain rate, the fracture degree of samples is significantly increased, which shows a significant strain rate effect. When strain rate is low, the limestone samples are mainly axial splitting failure, while the limestone samples are crushing failure under high strain rate.
(4) At the initial stage of the experiment, the incident energy, the reflection energy, the transmission energy, and the absorption energy increase with the increasing of time. When the energy increases to a certain value, the increase of energy is slow or even unchanged, while the reflection energy increases only in the beginning of the experiment and then remains unchanged. The incident energy and the absorption energy increase with the increasing of strain rate. When the strain rate is larger than 153.73 s −1 , the incident energy, the reflection energy, the transmission energy, and the absorption energy all increase dramatically; however, the energy absorption rate decreases with the increasing of strain rate.
